Significant amounts (>150 m 3 ∕day∕well) of water are currently being extracted from coalbed methane (CBM) wells in PermianCarboniferous coal in the Liulin area of the eastern Ordos basin, China. Waters coproduced with CBM have common chemical characteristics that can be an important exploration tool because they relate to the coal depositional environment and hydrodynamic maturation of groundwater and can be used to guide CBM development strategies. The CBM production targets of the No. 3 and 4 coal seams from sandstone in the Shanxi Formation and No. 8, 9, and 10 coal seams in the karst of the Taiyuan Formation were deposited in fluvial-deltaic and epicontinental-sea environments, respectively. This paper combines CBM geology, hydrogeology, CBM recovery, and laboratory data to define mechanisms of CBM preservation including the important influence of groundwater. Relevant indices include fluid inclusions as an indicator of the hydraulic connection between the coal seam reservoir and the overlaying strata and the ensemble characteristics of total dissolved solids (TDS) contents of water, water production rates, and reservoir temperatures as an indication of the current hydraulic connection. The TDS contents of waters from the No. 3 and 4 and No. 9 and 10 coal seams are double those from the subjacent karst No. 8 coal seam, indicating the important control of fast flow in karst. Low-salinity fluid inclusions from the roof of the subjacent-karst No. 8 coal seam also indicate an enduring hydraulic connection with overlaying strata during its burial history. Relatively low current temperatures in the No. 8 (subjacent-karst) coal seam also infer a strong hydraulic Copyright ©2015. The American Association of Petroleum Geologists. All rights reserved.
connection and active flow regime. Deuterium concentrations are elevated in the mudstone-bounded No. 9 and 10 coal seams, further confirming low rates of fluid transmission. The gas contents of coal seams from the Taiyuan Formation are higher than those from the sandstone-bounded coal seams in Shanxi Formation, also correlating with low rates of water transmission and low permeability. Conceptual models for these fluvial-deltaic and epicontinental-sea environments that are consistent with geology, gas content, and gas and water production rate histories are of gas-pressure sealing for the Shanxi Formation and hydrostaticpressure sealing for the Taiyuan Formation. These results confirm the important controls of hydrogeological conditions on the preservation of CBM and the utility of hydrogeological indicators in prospecting for CBM.
INTRODUCTION
As continuous-type unconventional gas reservoirs, coal reservoirs are saturated with ground water and are strongly affected by hydrodynamics. Coalbed methane (CBM) is a hydrological gas, and the flow of formation water accordingly plays an important role in the maintenance and productivity of CBM reservoirs. Formation water can control and reflect important reservoir characteristics, including gas generation, migration, accumulation, and gas recovery, but it can also lead to problems with the safe disposal of the produced water Ayers, 2002; Scott, 2002; Van Voast, 2003; Pashin, 2007 Pashin, , 2010 Song et al., 2010; Karacan et al., 2011) .
Gas content and reservoir pressure are among the most important controls of CBM recoverability (Kaiser et al., 1991; Scott et al., 1994; Bachu and Michael, 2003) , and both are closely connected to the hydrogeology of the CBM basin. Scott (2002) reviewed the major hydrogeological factors that affect the distribution of gas content in several CBM basins in the United States. Hydrogeology can influence the development of regional overpressure that allows more gas to be stored in the coal, the migration of gases to permeability barriers that locally increase gas content, and the removal of gases by water flowing through permeable coal seams or joints (Scott, 2002) . Van Voast (2003) demonstrated that the geochemical signature of formation waters is an effective exploration tool in evaluating prospects and choices of exploration targets in six principal coalbed methane-producing basins in the United States.
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trapped in micropores by capillary forces but also includes free water in pores and fracture systems (Norinaga et al., 1997) . Bound water does not appreciably flow, whereas free water is mobile, which results in changes in water head and pressure in fracture systems. Maintaining a balance among the three phases of CBM (adsorbed, dissolved, and free) can facilitate the migration of methane in coal. Stagnant or slow-flowing formation water in coal seams will decrease the diffusion of dissolved gas, and higher hydraulic pressures can prevent gas from desorbing, thus resulting in higher CBM contents (Lamarre, 2003) . However, vigorous flow can adversely affect gas accumulation and drive fractionation reactions, thereby depleting the gas in 13 C (Song et al., 2010; Tao et al., 2012) .
Production of CBM usually entails the coproduction of formation water with chemical characteristics that can be used as an exploration tool. The quantity and quality of this produced water varies from basin to basin and even within the basin itself. The quality of the produced water depends, in part, on the hardness (the resistance to scratching) of the coal within the formation, and the quantity of water depends on type of coal and the overall production history of the basin. Although it is effectively devoid of sulfate, calcium, and magnesium, the ground water primarily contains sodium and bicarbonate as well as chloride in systems influenced by basinal input (Van Voast, 2003) . Fluid inclusions captured in seal rocks of coal seams contain information about hydrocarbon generation and fluid connectivity (Dubessy et al., 2001) . Under stable geological conditions, water-rock interaction time increases as the groundwater flows deeper. The additional interaction time increases the degree of formation water mineralization and changes the chemistry of the water. Generally, in shallow strata and water recharge areas, the dissolved solids in groundwater are likely composed of calcium, magnesium, and sulfate, with low total dissolved solids (TDS) values; as water flows from meteoric recharge areas into the interior of the basin, the diversity of the compounds dissolved in the water increases (Hem, 1985; Van Voast, 2003) . When the water stagnates due to high formation pressures, the dissolved solids are primarily sodium and chloride (Pashin, 2007) . Microbial reduction of dissolved sulfate seems to drive the sequence of processes that modify the water quality. Bicarbonate is a product of the reduction, and with increased dissolved solid concentrations, calcite and dolomite precipitate because of reduced solubilities of calcium and magnesium. Cation exchange with clay may also deplete the dissolved calcium and magnesium but is probably not necessary to arrive at the final chemical characteristics (Van Voast, 2003) . Both the evaluations of prospects and the selection of development targets can be enhanced by understanding the geochemical signature of the water associated with the CBM.
There are wide variations in water production rates from coal in different areas and different formations. The ease of dewatering any CBM depends on whether the coal is permeable, interference from other wells or mines, and connection to an aquifer or meteoric waters. For example, the 420 wells in the Black Warrior basin in Alabama had initial water production rates of 1 to 180 m 3 ∕day∕well, averaging 18 m 3 ∕day∕well (Pashin et al., 1990) . The initial water production rate in the southern Ute Reservation of the San Juan basin in Colorado ranged from 2 to 120 m 3 ∕day∕well, with an average rate of 8 m 3 ∕day∕well (Rogers and Rogers, 1994) , whereas the southern San Juan basin had limited water production (Kaiser et al., 1991) . In general, the variations in the amount of water coproduced with CBM wells are caused by differences in the coal rank, thickness, permeability, depth, and depositional environment as well as the duration of production and life span of CBM wells (Flores, 2013) .
The Liulin area studied in this paper is located in the middle of the eastern Ordos basin, China (Figure 1) , and is one of the key CBM development areas in China, with recoverable gas resources of approximately 210.83 × 10 8 m 3 in 72.2 km 2 by 2013. In 1991, CBM exploration and development began in China when the North China Petroleum Bureau began the Deep CBM Exploration project in conjunction with the United National Development Programme. One of the selected target areas was located in the Liulin area. Seven CBM wells were drilled with initial rates of 1000 − 3000 m 3 ∕d after hydraulic fracturing (Su et al., 2003) . However, CBM exploration stagnated until the China United CBM Co. Ltd. started working in this region in the 2000s. The CBM production now shows great potential; 55 CBM production wells (52 vertical wells and 3 horizontal wells) were drilled by the end of 2012. The highest CBM production from the vertical wells is 2284 m 3 ∕d per well, and the highest daily production rate from horizontal wells is 9744 m 3 ∕d per well. Production varies considerably between coal seams and throughout the whole study area. The paper combines CBM geology, hydrogeology, CBM recovery and laboratory data to study CBM preservation and the mechanism by which groundwater affects CBM vertical well performance and provides recommendations for CBM recovery in the Liulin area. This detailed study, focused on water coproduced with CBM, may help to improve CBM exploitation in the area and in similar regions around the world.
GEOLOGICAL SETTING AND HYDROGEOLOGY

Coal Stratigraphy
The geological evolution of the Liulin area was significantly influenced by the formation of the North China cratonic basin. The stratigraphy of the Eastern Ordos basin records the erosion from Silurian to Mississippian followed by the subsidence and sedimentation from the Pennsylvanian to the Triassic (Yao et al., 2009 ). Cambrian to Ordovician sediments are predominantly carbonates with subordinate amounts of siliciclastic sediments. Carboniferous to Permian clastic sediments and coal seams disconformably overlie lower Paleozoic sediments. The main coal-bearing strata occur in the Taiyuan and Shanxi Formations of the Pennsylvanian and Cisuralian, respectively. The Taiyuan Formation records lagoonal, tidal flat, and sandbar depositional environments in an epicontinental sea; the precursor coal vegetation was present in a tidal flat environment following a marine regression. The Shanxi Formation was deposited in a fluvial-deltaic environment with the precursor coal vegetation occurring in delta plain deposits . The splitting of coal seams was produced by the influx of sediments during sealevel fluctuations in the Taiyuan Formation, and the No. 8, 9, and 10 coal seams in the northwest split into three separate coal seams in most areas. The No. 3 and 4 coal seams were also split with the transition of depositional facies, showing a combination of No. 3 and 4 only in part of the middle and the northeast parts of the basin (Figure 1) .
The Liulin area is located in the southern part of the Lishi Nose anticline, with a monoclinal structure striking roughly north-south and dipping to the west at 3-8°. However, too much water was produced from the No. 8 coal seam for economic development because the seam was easily connected with its overlying limestone during hydraulic fracturing. The China United CBM Co. Ltd. chose to develop gas from separated coal seams. Thus, the target seams analyzed in this research include different combinations, e.g., No. 3 and 4, No. 9 and 10, and No. 3, 4, and 8 . The coal burial depth ranges from 300 to 1100 m (984 to 
Hydrogeology
In the Liulin area, the mean annual precipitation is 506 mm (20 in.) with 60%-70% of the total precipitation falling in July, August, and September. The major rivers are the Qinglong and the Sanchuan. The ground surface elevation ranges from 660 to 1200 m (2165 to 3937 ft). The eastern part of the Liulin area is higher than the west; generally, the topography of the basin inclines to the west and southwest. On a regional scale, the Ordovician limestone and Quaternary sediment are hydraulically connected by the limestone outcrops in the east. However, the Permian and Carboniferous mudstones, shales, and siltstones interbedded with the aquifers develop as aquitards (Hao et al., 2006) . Generally, there are six independent aquifers in the Ordovician to Quaternary strata of the Liulin area (Su et al., 2003) , as follows: (1) 
Methodology
Samples of coproduced water were collected from CBM wells in the Liulin area. The CBM wells generally have different completion intervals that target the No. 3 and 4 or No. 9 and 10 coal seams, whereas the early wells usually targeted the No. 3, 4, and 8 coal seams. The sampled wells were selected largely on the basis of the extent of field development, covering most areas of the CBM development region, and required production time no less than 18 months. All of the water samples used in this study were collected from 20 CBM wells, shown in Figure 1 . Furthermore, the sampled wells for fluid inclusion and coal property test are also shown in Figure 1 .
Water samples were collected following the guidelines of Rice (2003) . Wells were allowed to flow as much as possible (at least 18 months) before the water samples were collected to ensure flushing of the sample ports and collection of a representative sample. Most wells were pumped 24 hours a day to dewater the coal. Water was collected directly from the wellhead by attaching Tygon tubing to a port on the wellhead tee. The water was collected in a clean polyethylene carboy with a spigot that was rinsed prior to sampling. Clean sample bottles were rinsed with formation water at least twice prior to sample collection.
The water in the carboy was filtered through a 0.1 m filter using a peristaltic pump, Tygon tubing, and an acrylic filter holder. Polyethylene bottles for sampling cations were prewashed with a 10% solution of 1∶1 nitric acid:sulfuric acid followed by rinsing with deionized water. Polyethylene bottles for sampling anions were prewashed with deionized water. Bottles for filtered samples were rinsed at least twice with filtered water before filling. Samples for determination of cations, deuterium, oxygen isotopes, and anions were collected from filtered water.
Cation and anion concentrations were determined using analysis for oil and gas field water procedures from the China Petroleum and Natural Gas Industry Standards (SY/T 5523-200). The accuracy and precision of field sampling and analyses were assessed by comparing values for field blanks, deionized water blanks, and duplicate samples (6% of total samples). Mean deviations between duplicate samples were generally less than 7% for cations and 5% for anions (Cl − and SO 
( 1) where R is the ratio of the heavy to the light isotope (e.g., 18 O∕ 16 O), R x is the ratio of the sample, and R s is the ratio of the standard. Both VSMOW and VPDB have δ values reported in ‰; therefore, a sample with a positive delta has more of the heavier isotope than the standard, and a sample with a negative delta value has less of the heavier isotope than the standard.
Fluid inclusions were collected from quartz overgrowths in sandstones and from cave sparry calcite and grain-recrystallized calcite in carbonates directly above coal seams in the Shanxi and Taiyuan Formations. They were tested for temperature of homogenization and salinity. The methods were guided by the determination of temperature for fluid inclusion in minerals protocol from China's Nuclear Industry Standards (EJ/T 1105-1999). The samples were tested using a LINKAM THMS 600 heating and freezing table in a laboratory at 20°C and 30% humidity, and part of the fluid compositions were tested by LABHR-VIS LabRAM HR800 microscopic laser Raman spectroscopy.
Following Chinese standard GB/T 19560-2004, methane adsorption isotherm experiments on 13 samples were performed. All coal samples were prepared by crushing and sieving to a size range of 0.18 to 0.25 mm (60-80 mesh), and 100-125 g was weighed for the moisture-equilibrium treatment. The moistureequilibrium treatment was processed for at least four days for each sample. After these pretreatments, the coals were put into the sample cell of the IS-100 for the adsorption isotherm experiment. The experimental temperature and equilibrium pressure were 30°C and up to 10 MPa. Before the adsorption experiment, the ash yield and moisture contents of the coal were determined according to Chinese standard GB/T 212-2001.
The gas contents of coal seams in both the Shanxi Formation and the Taiyuan Formation were also analyzed in this study. The gas content data were obtained from gas content test reports, which were directly measured using the method of Waechter et al. (2004) . The adsorption isotherm analyses of coal samples were used to estimate the gas content and saturation of the coals from CBM wells. The experimentally estimated gas content was derived from adsorption isotherm data by computing the gas content at the present reservoir temperature and pressure conditions. The estimated gas content was calculated based on the following hypotheses (Saulsberry et al., 1996) : (1) CBM is composed of 100% CH 4 and (2) reservoir temperatures of 30°C are valid. Under these assumptions, the gas content can be calculated by the Langmuir equation 2.
where M d and A d are the moisture content and ash yield obtained from the proximate analysis of coals; V L and P L are Langmuir volume (the maximum adsorption capacity) and Langmuir pressure from the methane adsorption isotherm experiment; P R is reservoir pressure; and G E is the estimated gas content or experimental maximum gas content. However, uncertainties exist when using G E . The temperature used in the experiment is not the in-situation reservoir pressure, and the estimated gas content is based on the hypothesis that CBM is saturated with 100% CH 4 . However, in reality, the in-situation gas is mainly CH 4 with some CO 2 , N 2 and other gases. Despite the uncertainties, the estimated gas content provides the best approximation of the in-place gas content, particularly for areas where no in-place gas content can be obtained (Yao et al., 2009 ). The effects of hydrodynamics on CBM accumulation were determined by analyzing the water level, hydrogeology, and geochemical signature of formation water. To summarize the gas and water production trend, typical wells were chosen in section "Production Performance of CBM Wells" to illustrate the influence of hydrogeology on CBM development.
RESULTS AND DISCUSSION
Geochemical Signature of Coproduced Water
Variation in Water Composition since Gas Production Formation water in coal seams is easily contaminated by drilling fluid, drilling mud, and fracturing fluid (Gentzis et al, 2009 ). In the first six months of gas production, the produced water was high in TDS (bicarbonate, chloride, and sodium), but the TDS decreased quickly as water was pumped from wells (sample well P5 in Table 1 ). The water was generally rich in sodium. As more water was pumped from the coal seams, the contaminating cations and anions were gradually removed, and the chemistry of the produced water approached the composition of the primary water in the coal seams. Four to six months after gas production, the value of TDS, bicarbonate, chloride, and sodium continued to decrease. This water contains a mixture of sodium chloride and sodium bicarbonate, and the proportion of chloride continually decreases. At this time, the cation and anion abundances are fairly stable, and the water is dominated by sodium bicarbonate.
Water Composition in Coal Seams
The water samples were collected from wells that had been pumped for at least 18 months. The major elements and measured parameters in water coproduced with CBM are given in Table 2 . The water is dominated by sodium as the major cation, with bicarbonate and chloride as the dominant anions, and is also generally distinguished by very low concentrations of sulfate. However, chemical analysis of the water reveals distinct differences among waters from the The mean sodium concentrations are significantly different among these three coal seams. Cation exchange with clay minerals most likely accounts for the relatively low concentration of potassium versus sodium in the water (Van Voast, 2003) , and the values are summed as Na carbonate equilibrium controls the concentrations of calcium and magnesium (Hem, 1985) . Chloride (average value of 2047.43 mg/L) is much more abundant than bicarbonate (averaging 1455.96 mg/L) in formation water from the No. 3 and 4 and No. 9 and 10 coal seams, and the difference is almost 600 mg/L (Table 2) . When the No. 8 coal seam is included, the bicarbonate content (1621.88 mg/L) increases sharply and is much higher than chloride (547.78 mg/L) with a difference of 1074.10 mg/L, which is caused by water recharge from the roof of the No. 8 coal seam. In the coal roof, fresh-water plumes containing sodium and bicarbonate water with low TDS content extend from the structurally upturned margin into the interior of the basin, which is also observed in the Black Warrior basin (Pashin, 2007) .
The composition of water coproduced in Liulin CBM wells is similar to other water produced from CBM wells in the San Juan, Black Warrior, and Powder River basin in Montana and Wyoming in that they tend to be dominantly sodium bicarbonate or sodium bicarbonate-chloride water (Table 3) . Knowledge of the composition and volume of groundwater is required to implement plans for management such as disposal, treatment, and beneficial use in compliance with governmental regulation. Comparison of the volume of water coproduced with CBM in different depositional environment basins shows that the marine-transitional environment may produce much more water than the continental environment (Flores, 2013) .
Isotopic Composition
The δ 2 H and δ 18 O values of water have been used extensively in sedimentary basins to determine the origin and evolution of basin water (Kharaka and Carothers, 1986; Rice, 2003 (Table 4) .
As meteoric water interacts with the rock while flowing underground, deuterium values will increase, with the extent of change closely correlated with water-flow velocity. If the flow velocity is high, then the water-rock interaction time is short, and the difference in isotopes is small; in contrast, if the flow velocity is slow, then there is ample time for chemical interaction. A comparison of the isotopic characteristics between the formation water and meteoric water can, therefore, indicate the degree of connection between formation water and meteoric water. Liu et al. (2009) defined the northwestern China meteoric water line using the following formula:
where the δ 2 H and δ 18 O are all lower than the meteoric water line (Figure 3) , which confirms that the ground water flows very slowly and was there for a very long time before meteoric water reached the sample site. The relatively negative δ 2 H values in the No. 9 and 10 coal seams are due to the longer flow distance and greater water-rock interaction time. The isotopic composition varies from heavier (enriched in deuterium) to lighter (depleted deuterium) values, suggesting mixing of new recharge or old basinal waters (Rice et al., 2008) . The No. 9 and 10 coal seams are relatively stable in water composition; whereas, waters from the No. 3, 4, and 8 coal seams may have been connected with new recharge or old basinal waters.
Fluid Inclusions
Fluid inclusions in the roof of the coal seams in the Liulin area were divided into four types: brine, liquid hydrocarbon, liquid-gas hydrocarbon, and gas hydrocarbon inclusions (Figure 4) . The inclusions occur in quartz overgrowth cement and microfracture trails on detrital quartz grain in the Shanxi Formation and in recrystallized limestone and solution holes filled in limestone in the Taiyuan Formation. These data show two stages of petroleum generation. The brine inclusions can be found along the quartz microfractures ( Figure 4A ) and are almost colorless or grayish ( Figure 4A1 ). The liquid hydrocarbon fluids can be observed in calcite veins ( Figure 4B ) and have yellow-brown florescence with UV excitation. Strong blue florescence is shown for liquid-gas hydrocarbon fluids ( Figure 4C1 ), while the fluids are mostly gray in visible light ( Figure 4C ). Raman spectroscopy was used to analyze the composition of the fluid, and the results show that the gas fluid is mainly CH 4 and N 2 ( Figure 4D and D1) . Two stages of petroleum fluids were classified based on the development position and host mineral characteristics of sandstone from the No. 3 coal seam roof or limestone overlying the No. 8 coal seam . Further, based on the thermodynamic characteristics of the fluid inclusions, fluid from the Shanxi Formation was classified as either low-temperature and low-salinity fluid or hightemperature and high-salinity fluid, while fluids from the Taiyuan Formation were classified as lowtemperature and composite-salinity fluid, high-temperature and high-salinity fluid, and high-temperature and low-salinity fluid ( Figure 5 and Table 5 ).
Combining the analysis of fluid inclusion types, thermodynamic characteristics, and the geothermal evolution of the Liulin area, the first stage of the hydrocarbon charge or migration in the Liulin area occurred during the Middle to Late Triassic with a relatively small amount of hydrocarbon generation. The second stage, which was a major period of hydrocarbon generation, occurred during the Early Cretaceous with prolific gas inclusions and high hydrocarbon generation intensity .
The high-temperature and low-salinity fluid captured in the No. 8 coal roof showed that during the gas generation stage, the upper strata was influenced by lowsalinity groundwater. Thus, the coal may also have been affected by the low-salinity fluid through its connection with upper strata.
Hydrogeological Model of CBM Accumulation
Outcrops of coal-bearing strata are located on the east side of the study area. The formation water is primarily sourced from meteoric water, which laterally recharges the aquifer from limestone located in the eastern part of the study area (Figure 6 ). The westward-dipping structural nose, topography, and precipitation control groundwater migration (Su et al., 2003) . 
Gas Content and Saturation
The gas content of coal seams from the Taiyuan Formation is higher than that in coal seams from the Shanxi Formation. The southeast part of the study area has the highest gas content in both the Shanxi and Taiyuan Formations. In most of the central and southern areas of both coal seams, the gas content is higher than 10 m 3 ∕t, with a maximum value of 20 m 3 ∕t. The coal seams of the Shanxi Formation in the northeast possess the lowest gas contents, ranging from 5−9 m 3 ∕t (Figures 7, 8) . Based on the distribution of gas, both the southern and central northern regions are favorable for CBM development.
To investigate the CBM saturation, the estimated gas contents were compared with the in-place gas content in the same seam. Notably, most of the gas in place is lower than the estimated gas content (Table 6 ) in both the No. 3 and 4 coal seams and No. 8 (8 and 9) coal seams, suggesting that these coal seams may be undersaturated (Drobniak et al., 2004) . The undersaturation is more obvious in No. 8 coal seams where gas saturations calculated from the ratio of G D ∕G E averaged 63%, while the No. 3 and 4 coal seams averaged 72%. Various studies have identified the most important factors influencing methane storage and recovery, including coal type, rank, moisture content, mineral matter content, temperature, depth, natural fracturing, and stress (Laxminarayana and Crosdale, 1999) . The coal seams in the Liulin area are found at depths of 300-900 m (984-2953 ft) and have little difference in coal type, rank, moisture content, and mineral matter content (Yao et al., 2009) . Su et al. (2003) found that abnormally high pressure is present locally in the No. 8 coal reservoir. The groundwater moved CBM from the shallow coal seams into the deeper ones. Pressure increases with depth as does gas content to such an extent that some coal seams in the north are actually over-pressured.
Groundwater
The underground water in the Liulin area is from an independent hydrogeological unit separated from its adjacent areas. Groundwater recharge, flow, and discharge are predominantly controlled by topography. The six aquifers are independent of each other, and there is no hydraulic connection between them (Su et al., 2003) . Groundwater in the strata above Shanxi Formation is mainly discharged through small springs with little groundwater flowing through faults along the northern margin of the Liulin area. Pump tests show that sandstones in the Shanxi Formation are easily drained, whereas limestone units in most of the wells in the Taiyuan Formation showed stable water flow caused by the continuous water supply from the limestone of the Taiyuan Formation. The influence radii of the limestone ranges from 14-51 m (46-167 ft), while the No. 8 coal seam is only approximately 3-10 m (10-33 ft) thick. Thus, the water in the limestone may affect the gas accumulation and extraction from the underlying coal seams.
Temperature of Coal Seams
The temperature of coal seams, determined by log data from uncased wells, can also reflect how enclosed the CBM reservoir is. Coal seams No. 3 and 4 and No. 8 are notably similar in temperature. In general, the deeper a reservoir is, the higher the temperature is. In the Liulin area, however, coal minor siltstone. The gas volume of the coal seam roof is relatively low, although certain areas contain some formation water in sandstone fractures. In general, there are no hydrodynamic migration or dissipation effects, and the gas saturation of the coal is higher than that of the Taiyuan Formation. The roof of the No. 3 and 4 coal seams is effectively a cap rock, and gas could be constricted in coal with a relatively high gas content. In such a situation, burial depth is the main factor affecting gas content. The gas production rate is relatively high when the roof is sandstone, which may be caused by gas storage in the sandstone; whereas, the water production rate shows no regular pattern as the coal depth increases (Figure 10 ).
Hydrostatic Pressure Sealing Model for the Taiyuan Formation
The water recharge area and discharge area are located outside the study area (Figure 11 ). Within the study area, the formation water is mostly in a state of weak flow and stagnant, which is beneficial for CBM preservation. From northeast to southwest, the burial depth, reservoir pressure, and gas content increase. In the southwestern part of the district, the flow rate of underground water is much lower, which is theoretically beneficial for CBM accumulation and preservation. However, although it contains a considerable amount of gas, the amount of water in the Taiyuan Formation coal seams and recharge rate are much too high for favorable CBM production because of high reservoir pressure, poor drainage, and the inability to lower the pressure during CBM development. In addition, the coal seams appear to split and thin. Thus, the central and eastern areas should be favorable regions for CBM development.
Production Performance of CBM Wells
Wells P1 and P5 were completed in the No. 3, 4, and 8 coal seams. In the early stages, the gas production rate was much too low, and water production was very high (peak rates as much as 200 m 3 ∕d). In addition, the fluid levels could not be lowered (Figure 12) . Later, well P1 shut out the No. 8 coal seam and only produced gas from the No. 3 and 4 seam. The water production rate later declined quickly, with the volume dropping to less than 25 m 3 ∕d. Well P5, however, did not exhibit the same changes, and water production remained high. Although gas production in P5 was much higher than in P1 (up to 1000 m 3 ∕d), the production efficiency was not good because of the high water production volumes. Well , EM = equilibrium moisture content (%), DAF = dry as free, V L = Langmuir volume ðm 3 ∕tÞ, P L = Langmuir pressure (MPa), P R = approximate reservoir pressure (MPa), G E = estimated gas content from the equation Y2 only produced gas from the No. 3 and 4 coal seam, and water production was notably low (<10 m 3 ∕d). The water production rate for Y9 completed in the No. 9 and 10 coal seams was only approximately 1−2 m 3 ∕d. The production data all indicated that coal seam No. 8 contributed to the high rates of water production. Gas production increased quickly in Well P1 for two main reasons: (1) the water was not connected between the No. 8 coal seam and the upper limestone Figure 10 . Gas pressure sealing model for the Shanxi Formation compared with the gas rate, water rate, and gas content variation of the coal seams. Figure 11 . Hydrostatic pressure sealing model for the Taiyuan Formation compared with the gas rate, water rate, and gas content variation of the coal seams. unit, and (2) the sandstone aquifer in the Shanxi Formation does not allow water to flow through it efficiently. Comparatively, it is easier to lower the pressure of the well in the eastern part of the area and, therefore, obtain higher production. Combined with production data from other wells, it was concluded that it is important to avoid a connection with an aquifer when choosing an exploitation method. For vertical wells, regardless of whether both the No. 3 and 4 and No. 8 coal seams are exploited or only the No. 8 coal seam, the gas production was lower than expected. The main reason for this reduced production is that when developing CBM from the No. 8 seam, it is easy to create a connection with limestone aquifers, resulting in large volumes of water production, high bottomhole flowing pressure, and an inability to reduce reservoir pressure by lowering levels of water.
CONCLUSIONS
In the Liulin area, the principal target seams for CBM development include the No. 3 and 4 coal seams in the sandstone Shanxi Formation, and the No. 8 (subjacent-karst) and No. 9 and 10 mudstone-bounded seams in the Taiyuan Formation. Geological and hydrodynamic mechanisms are two key controls of gas accumulation and production. There are a total of six aquifers in the Ordovician to Quaternary sequence, with the limestone karst/fractured aquifer in the Taiyuan Formation connected closely with the No. 8 coal seam. The TDS content of comingled formation waters from the No. 3 and 4 and the No. 8 coal seams is much lower than that derived from the separately sampled No. 3 and 4 or No. 9 and 10 seams. High TDS contents of the No. 9 and 10 coal seams suggest a more stagnant environment than the No. 8 coal seam, which is in an active hydrological environment, as demonstrated by water composition, H/O isotopes, and fluid inclusions trapped in the roof strata of the coal seams. Coproduced water in different coal seams shows that the composition is affected both by the original depositional setting of the coal as well as mixing and flushing of groundwater from the recharge area downstream. This is also observed in the San Juan, Black Warrior, Powder River, and Piceance basins. This paper analyzes fluid inclusions as an indicator of the hydraulic connection between the coal seam reservoir and the overlaying strata during its burial history together with water production rates and reservoir temperatures as an indication of current hydraulic connections. This latter condition is a significant factor relating to associated high rates of water production during current CBM development.
Consistent with observations, two CBM accumulation models are proposed that focus on CBM produced from either continental or marine-transitional strata, respectively. These relate to gas pressure sealing in the sandstone Shanxi Formation (continental) and hydrostatic pressure sealing in the subjacentkarst and mudstone Taiyuan Formation (marinetransitional) based on gas content and on rates of gas and water recovery. Gas pressure sealing requires a stable coal roof with the gas content increasing with increased burial depth of the coal. Hydrodynamic sealing results where the advective flux of water into the reservoir directly balances the buoyant and dissolved flux of gas within counter-migrating fluids. Thus the migration of desorbed gas to low-pressure areas is obstructed by formation fluids. Furthermore, this restricts the desorption of CBM from coal, thereby keeping the gas in the coal.
The monocline CBM reservoir of the Shanxi and Taiyuan Formations is a typical CBM reservoir pattern, and the coproduced water volume and chemical characteristics are also common in different depositional environments and stratigraphically combined basins. The water production rate of wells only completed in the No. 3 and 4 coal seams is less than 10 m 3 ∕d, and that of those in the No. 9 and 10 seams is only 1−2 m 3 ∕d. However, the water production rate may reach 200 m 3 ∕d in the No. 8 coal seam. The characteristics of the high pressure, high gas content, monocline reservoir model of the No. 8 coal seam are similar to those of the northern part of San Juan basin. However, the problem of high water production rates must be solved in order to obtain high and stable CBM production in the Liulin area. In such situations, better gas production can potentially be achieved by drilling lateral wells or by avoiding the No. 8 coal seam in vertical wells-but with the disadvantage of wasting a significant resource.
